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Macrostrain variations in engineering components are frequently examined using neutron
diffraction, at both reactors and pulsed sources. It is desirable to minimize the sampling volume in
order to maximize the spatial resolution, although this increases the required measurement time. At
reactors, macrostrain behavior is inferred from a single lattice reflectdeemed to be
representative of the bulk respoisAt a pulsed source, a complete diffraction pattern is recorded
and accordingly it is natural to fit the entire diffraction spectra using a RiefJdeldppl. Cryst.2,

65 (1969] refinement. This means that an idealized crystal structure is fit to the measured distorted
crystal structure, which includes deviation of the measured lattice reflections from the ideal due to
elastoplastic strain anisotropies, which are dependent on the particular lattice reflgutipn
considered. We show that elastic macrostrains calculated from lattice parameter changes in Rietveld
refinementgwithout accounting for hkl dependent anisotropiase almost identical to the bulk
elastic response and are comparable to the response obtained from a single lattice reflection typically
used by practitioners at a steady state source. Moreover good refinements on the complete pattern
are obtained with short measurement times compared to what is required for good statistics for
single reflections. By incorporating a description of the elastic strain anisotropy expected in cubic
materials into the Rietveld code, an empirical prediction of plastic strain history is possible. The
validity of these arguments is demonstrated by analysis of a uniaxial tensile load test and a
reanalysis of previously reported data taken on a deformed stainless steel ring. The plastic strain
predictions compare favorably with a finite element model. 1@97 American Institute of Physics.
[S0021-897697)04616-1

I. INTRODUCTION Of course, the issue of intergranular interactions is fun-
damental to an understanding of polycrystalline plastitify.
The strain fields occurring in components containingwe shall discuss this work in that context elsewHere.
macrostresseéoften referred to as type | residual stresses ere instead, we will show that by analyzing diffraction data
usually vary over length scales comparable to some reprejsing Rietveld refinement with existing crystal models, we
sentative dimension of the component. One experimentgly, ohtain macrostrain determinations using the obtained lat-
technique for profiling macrostrain variation is neutron,[iCe parameter that are comparable with the “best” single

. . 1-4 . . .
diffraction,” "~ where typically sampling volumes ranging npeak fits. These results are obtained despite the imperfection
from 1 to 100 mm are used. In most cases, where a variatio . . . B .

f the Rietveld fit, which assumes an “undeformed” crystal

from tension to compression exists, the response of most, !structure Moreover, by accounting for elastic strain anisot
not all, of the individual lattice reflectionghkl) in a poly- ' » DY 9

crystal will follow the macroscopic trend, i.e., while the re- ropy, we can make quantitative predictions of plastic strain

sponses of individual reflections may differ in magnitudeiStory (@t least for cubic materials _

they will generally be similar in sense. In many problems in  1he attraction of using Rietveld refinement on pulsed
which macrostrains are present, their effects tend to outeutron diffraction data is twofold. First, provided a valid
weigh the microstrain effects. Thus while intergranular ef-macrostrain can be inferred from changes in the lattice pa-
fects lead to significantly atypical responses for specific refameter, the time for individual measurements can be re-
flections, it is widely accepted that an empirical selection forduced compared to the situation if individual reflections must
a suitable plane for macrostrain profiling is one which isbe used. This is especially important when the use of small
little affected by intergranular strainfWe take suitable to gauge volumes is required. The second attraction is the po-
mean one from whose response the macroscopic elastic peaential for including physics that describes the overall defor-
formance can be determinedndeed, it is on this selection mation of the polycrystal in a fashion that is more efficient
that the efficiency of residual stress measurements at coithan separate analysis of individual reflections. In Sec. V, we
stant wavelength sources relies since it is often impractical tgescribe our attempt to do so. At this stage, the procedure

measure multiple reflections. only describes the elastic anisotropy of cubic systems, but
the results already suggest the potential for incorporating

dElectronic mail: mrd@lanl.gov more sophisticated models.
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T T T T T T T T T Typical diffraction spectra for stainless steel un¢w®rs
r A and(b) 340 MPa tensile loads, in the direction of the applied
load, are shown in Fig. 1. In addition to fitting the individual
lattice reflections, it is possible to perform a Rietveld refine-
ir 200 7 ment on the dat& If the crystal structure is known, then the
intensities and positions of the observed lattice reflections
311 can be predicted. By making a least squares fit between the
220 observed and predicted profiles, the atomic positions and,
33100222 E more importantly in our context, the lattice parameters can
i ! E | be determined. For the discussion that follows, we have used
S Aot e the widely used Los Alamos National Laboratory code writ-
ten by Larson and Von Dreelegsas!* Refinements were
0' - 0' ” 1' - 1' . 1' ; 1' - l' ; 2' - 2' - carried out between 0.358 and 2.4 A, a total of 35 peaks,
D-spacing, A ' ’ ’ ’ ' ' ' using the peak shape function of Ref. 13. Note that for the
small uniaxial loadFig. 1(a)] the refinement, which does not

Norm. count/musec.
o

L include elastic anisotropy terms, produces an excellent fit, as
N i evidenced by the flat difference curve. This is not the case
for the higher loadFig. 1(b)], where the difference curve
.| 200 i indicates shifts in the peak centers relative to the isotropic
g : ideal. The shifts are in opposite senses for the 111 and 200
2.k 311 * i peaks.
o 331 222 220
. 400 (
g 0_ Wiy L " ) L) t 1 ' N
4
il ' ' i Ill. UNIAXIAL TENSILE TEST ON STAINLESS STEEL
| | ! | 1 | | f I | .. . .. .
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 Before examining a specimen containing a residual
D-spacing, A strain field, we performed a series of measurements under

FIG. 1. (a) Diffraction spectrum for stainless steel unde5 MPa tensile uniaxial tensile Iqadlng. This allowed us to adjust the applied
load. The crosses in the top graph show the measured data, and the (if@@d and, f_Jy using an EXt_enS(_)meterv observe the _Onset of
through them is the Rietveld fit. The tick marks show the positions of themacroscopic plasticity, while simultaneously recording the
pre‘ljided hpe?i';;ah”dfthed'%weli grapflj is the differ:enclf CUW@E‘* Samdef elastic response of individual reflections. The tensile tests
scale as the The fitte ackground response has been subtracted fro . . .
both the observed and calculated intensities for clarity, and the intensit ere carried ouin situ on the Nemmn Powder lefractp-
normalized with respect to the incident spectt.Diffraction spectrum for ~ meter (NPD) at the Manuel Lujan Jr. Neutron Scattering
the same stainless steel sample under a 340 MPa applied2e@glastic _Center at Los Alamos National Laboratory. The load frame
strain. The crosses in the top graph show the measured data, and the lingseq  designed for use in the neutron beam and incorporating
through them is the Rietveld fit. The tick marks show the positions of the . | ioi d iaxiali f loadi is d
predicted peaks, and the lower graph is the difference c(iovéhe same U“'Yersa joints to ens_ure goo un|a_x|a ity o _Oa mg, IS de-
scale as the dakaThe fitted background response has been subtracted frongcribed elsewher®. Briefly, the loading axis is horizontal
both the observed and calculated intensities for clarity, and the intensitand at 45° to the incident beam, allowing simultaneous mea-
normalized with respect to the incident spectra. surements of lattice plane spacings parallel and perpendicu-
lar to the loading direction, in opposing 90° detector banks.
Each detector bank comprises 31 individdble tubes that
Il. RIETVELD REFINEMENT subte_nd a total of 11®from 84.5° to 95.5°. Th_e spegtra
from individual tubes are summed together, with suitable
At a time-of-flight (TOF) source, pulses of neutrons, corrections for differences in diffraction angle and flight
each of which has a continuous range of velocities and theredath, to provide a single spectrum for each detector bank.
fore wavelengths, are directed at a specimen. By measuring Stainless steel was selected for this study because of its
the flight times of the detectegtiffracted neutrons, their combination of good scattering properties and relatively
wavelengths can be calculated and diffraction spectra rdarge degree of elastic anisotropy. The specimens were fully
corded. Implicitly, since the incident spectra are polychro-austenitic(fcc) and had a small rolling texture<1.5 times
matic, all possible lattice planes in an orientation defined byandom. The material composition was by volume, nomi-
the fixed detector angle are recorded in each measuremem@lly: Fe 61.64%, Cr 18.25%, Ni 13.42%, Mo 3.66%, Mn
The scattering vectors for all reflections recorded in one del.48%, Si 0.44%, Co 0.40%, Cu 0.35%, N 0.125% with
tector lie in the same direction, and thus measure the strain iother elements less than 0.05%. The mean grain size was 28
the same direction. Each reflection is thus produced from am, although some of the grains in the preloaded material
different family of grains, oriented such that the given hkl showed twinning. The diameter of the gauge section was 8
plane diffracts to the detector. A more complete descriptiormm and the volume of material immersed in the neutron
of these issues can be found elsewHére. beam was~1000 mn.
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FIG. 2. The change in elastic strain of five lattice planes during a uniaxial @) Elastic strain [ 10®]
tensile test on stainless steel. Lattice plane normals are parallel to the loac
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IV. CONVENTIONAL RIETVELD RESULTS ON = 300 E
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UNIAXIAL LOAD TEST S 250 3
A. Strain by lattice parameter and single peak fits g 200 3
The anisotropic response of individual lattice reflections :-,i 150 3
during in situ loading has beénand continues to be the & ;
subject of considerable experimental interest. In Fig. 2, the 190 E
response of the first five lattice reflections are plotted agains  so 3
the applied stress. Also shown is the 0.2% vyield limit for
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plasticity. It is worth reiterating that each line represents the %300 700 -600 500 400 -300 200 -100 0
response of a family of grains oriented such that the given (°) Elastic strain [ 10°]
hkl lattice plane is parallel to the loading direction. As ex-

L . . T _FIG. 3. (@ The stress-strain responses of the 111, 200, and 311 planes,
pECted’ deviations from Imeamy of the individual planes OC_paraIIeI to the load axis, compared with straidetermined from the lattice

cur Close_ to the onset of ma(_:roscopic plaStiCit_Y- Once_ plastiGarameter of a conventionali.e., not using elastic anisotropy termi-
deformation occurs, the yield of preferentially orientedetveld refinement. Also shown is the bulk elastic response, i.e., gradient
grains relative to their neighbors causes strain redistributiorgdual to the Young's modulusb) The stress-strain responses of the 111,

. . . 00, and 311 planes perpendicular to the load axis, compared with strains
and a divergence from _the hlthertq linear response. .(determined from the lattice parametaf a conventionali.e., not using
At a TOF source, since all lattice planes are recorded ijastic anisotropy termiietveld refinement. Also shown is the bulk elastic

is natural to attempt a Rietveld refinement. This produces esponse, i.e., gradient equal to the Young's modulus multiplied by the
lattice parameter which is an average over all lattice planeBoisson’s ratio.
oriented to a specific In the simplest case of a powder or
a “truly” strain-free polycrystal, the determination of the
lattice parameter is unambiguous. However a problem in in=0, andA3;,,=0.157; see Sec. VThe 311 is considered to
terpretation arises when a refinement is performed on &e one of the planes in stainless steel least effected by inter-
loaded specimen. For example, in Fig. 2, the elastic strain fogranular strains, and is commonly used at reactors for re-
different reflections clearly diverges as the load is increasedsidual strain profiling?®
Thus even if a perfect face centered cubic structure was ap- The agreement of the Rietveld result with the macro-
propriate in the unloaded stafeee Fig. ], it is no longer scopic gradient is good for the axial directipRig. 3a)],
rigorously correct after a load is appli€Big. 1(b)]. especially in the elastic region. If we consider a linear elastic
However, in all cases that we have encountered to dateesponse as ided@bee discussion belgvand fit a linear re-
the elastic strains associated with residual or even appliesponse to the purely elastic part of each curve, then the de-
loads are small enough that a refinement will succeed despitgations of the actual strains from an extrapolated elastic line
the fact that the diffracted data really represents a distortedt the maximum load can be determined. The maximum frac-
crystal structure. Since the validity of using lattice param-tional differences at 340 MP&=2% plastic straihfor the
eters(determined from such refinements a suitable deter- 111, 311, 200, and Rietveld are: 7.5%, 10.6%, 26.7%, and
mination of residual strain has been argued, our first objec6.0% (+0.1%), respectively. Surprisingly, the 111 shows a
tive was to compare the results of Rietveld fits with thosesmaller difference in the sense of maximum deviation from a
obtained from individual planes. linear elastic response, than does the 311. In a single peak
Figure 3a) shows the stress-strain response of three latmeasurement of strain, it is usual to determine macroscale
tice planes, the Rietveld fits, and the macroscopic Young'stresses through the use of an experimentally determined dif-
modulus. The 200 and 111 lattice planes represent the efraction elastic constant, and these percentage values thus
tremes of elastic stiffness in a cubic material with the 311suggest the level of error which might be involved with this
lying approximately halfway betweeA,;,=0.333, A,y  approach.
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FIG. 4. The stress-strain response of the 420 and 442 peaks determined Y- 5 The stress-strain response obtained parallel to the loading direction
single peak fits, compared with the Rietveld fitting metijptanes parallel O Rietveld and for a single peak fit to the 311 plane, showing the effect of
to loading direction The macroscopic elastic stress-strain slope is shown@duced counting statistics.

for comparison.

31 tubes(that comprise the detector banke considered a

In fact, of the 15 highesd spacing peaks—all that it was single tube, which to a first approx'imatior'l is like using the
possible to do reasonable single peak fits for—the best singfe°Mplete detector for 1/31 Sf the time. Since each detector
peaks, both in terms of agreement with the macroscopi@@S @ finite angular rangé1°), we chose to use the central
modulus and which showed least deviation from linearity tube, since the strain obtained from this tube’s data will rep-
were the 420 and 44¢Fig. 4). Due to the poorer intensities resent the strain parallel, or perpendicular, to the loading

of these higher order peaks however, the obtained responsg&ection. Selection of any other single detector would rep-
contain a larger scatter. resent a slightly off-axis measurement. Figure 5 shows the

In the transverse directidiFig. 3(b)], smaller total strain results of the Rietveld strain, and the 311 reflection for the

changes are observed than in the axial direction, resulting ifind!e tube and complete detector. The difference in the Ri-
a proportionately larger scatter in the strains. None the les€tveld determined strain for the reduced counting statistics is
the response of the individual peaks and Rietveld calculateB9li9ible, whereas for the single peak fit it is considerably
strain is approximately linear until the start of yielding, at Poorer- While this does not necessarily imply that the same
around 200 MPa. The transverse Rietveld gradient is S|ighmmzicrostrziln result could have been inferred 31 times faster
different from the macroscopic response in the elastic rethan was the case in Fig(s (due to the different contribu-
gime, and this difference is accentuated once plasticity ocions from time dependent and independent noise in the data
curs. This may be due to the use of an incorrect referencBcduisition electronigsit does show the great improvement
value of the Poisson’s ratio to determine the macroscald? counting times that can be obtained by using a Rietveld
stress-strain response, whereas the modulus in Figwis ~ analysis.

experimentally determined during the load test.
V. ELASTIC ANISOTROPY FACTOR IN THE

RIETVELD REFINEMENT—UNIAXIAL LOAD TEST
B. Effect of reduced count time on lattice parameter L . . . .
In its simplest implementation, the problem with the Ri-

In Fig. 3(a), the Rietveld determined elastic response isetveld description is that it does not account for the elastic or
close to the bulk material response, and remains approxplastic anisotropies present in polycrystalline materials under
mately linear in the macroscopically plastic regime. This, itjoad (even though as shown above it does provide a good
can be argued, is at least as good as any single peak mesmpirical bulk average Describing the elastic divergence of
surement for gauging residual macrostrains. From an effithe various planes, at least in the elastic regime, is a first step
ciency standpoint, this is significant, because a convergeg including more subtle descriptions of polycrystalline de-
Rietveld refinement can be achieved far more quickly than @ormation. For a cubic crystal, the single crystal plane spe-
single peak fit, on pulsed source data. The dramatically recific modulus,Ey, can be expressedds
duced count times are possible because the refinement uses
diffraction data across a widkspacing range down to small 1Eh=S11~2(S11— S12~ 1/2540) Ania (1a)

(0.3 A) spacings. Since overlapped reflections contribute awhereS; is the single crystal compliance tensor in collapsed
much to the refinement as do separated reflections at largetatrix notation and

d spacings, this makes more efficient use of the TOF spectra

than if only the larged spacing reflections are considered. It A= (N?K*+ W24 K22/ (02 + K2 +1%)7 (1b)
also suggests why the results might agree well with the bulland thus has limiting values &,q,=0 andA,,=1/3.

elastic response. Taking this into account, we introduced a fitting param-

To examine the count time issue, we revisited the data ireter, v, into the Rietveld fit that shifts the position of each
Fig. 3(@), but instead of using a spectrum summed over thepeak from a perfect cubic structure by a quantity propor-
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FIG. 6. (a) The variation of anisotropy factor with applied stress, superim- (b) Elastic strain [ 10%]

posed with the stress-strain relationsHip). Variation of anisotropy factor

with internal phase strain as determined by Rietveld fit. Straight solid linesF|G. 7. (a) The strain response in the axial direction of the 200, 311, 331,

indicate the division of the anisotropy factor into two components. Theand 111 planegl) as determined by single peak fitsnes), and (2) as

vertical broken lines indicate the elastic strains correlating with macroscopigalculated from the Rietveld fit using the anisotropy facgofpoints. For

plastic strains of 0%, 0.2%, and 2%, respectively. clarity, the 111 planes are shown in the insert. The absolute values of strain
for the single peak fits at zero stress have been shifted to agree with the
Rietveld predictions(b) The strain response in the transverse direction of

tional to YAn - Accordingly, the refinement is modified so the 200, 311, 331, and 111 plan€s as determined by single peak fits

. . . (lines), and(2) as calculated from the Rietveld fit using the anisotropy factor
that the lattice parameter now tracks a nomih@0 direc- (points. The absolute values of strain for the single peak fits at zero stress

tion, and the other reflections are anisotropically strained aave been shifted to agree with the Rietveld predictions.
cording to

€nii = €noo~ (YAna/C), @ that does not use the anisotropy fadiice., an approximately
where €, is the strain of a particular reflectionuwg). In linear applied stress-internal strain relation, c.f. Figg)B
GSAS v represents the peak position offsetiis, andC is  The slope discontinuity in Fig.(6) occurs between 900 and
the diffraction constant for the instrumefsee Ref. 13 1000 e, which correlates well with the onset of plasticity in
In the elastic regime, the parametgrshould correlate Fig. 3(a).
solely with the elastic anisotropy and therefore, from &g, We postulate that can be separated into two contribu-

we expect it to be proportional to the applied stress. Howdtions; an elastic component® and a plastic component
ever, in the plastic regime, it will, at best, give a qualitative y*', wherey= y®++". An examination of these two figures
improvement to the fit, and its validity will depend on the [6(a) and 6b) suggests tha#® is proportional to the elastic
range and magnitude of the hkl dependent differences. FigRietveld strain, and thag” can be described as a function of
ure 6a) shows the anisotropy strainy(C) plotted against the macroscopic plastic strain. Note that we have not in-
the applied stress, with the macrostress-strain curve superinstuded any physics to describe the changes in partitioning of
posed.(Note that the maximum correction to an hkl reflec- strain between reflections due to plasticitpost obviously
tion would be 1/3 of the anisotropy strairfThe qualitative illustrated by the nonlinear response of the 200 reflection in
similarities between the two graphs are striking. Initially the Fig. 3).

anisotropy strain increases monotonically then, at the onset In addition to the evolution o, we can also use EQR)

of plasticity, it changes slope. Figuré shows (y/C) plot-  to predict the hkl strains in the modified Rietveld, i.e., given
ted against the elastic strain predicted using a Rietveld fithe Rietveld lattice parameter straig,fy) and the value of

1558 J. Appl. Phys., Vol. 82, No. 4, 15 August 1997 Daymond et al.

Downloaded 30 Jul 2001 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



v, we can calculate,,,. These can be compared with mea- 1S0O—~—>T—-————7—" " ~7 71

sured single peak fits. Figurdaf shows the strain response N e 3R{1‘V;fgvl§g§'aicfANSCE ]
of four lattice planes determined both by single peak fits, and 1000:‘ --------- Finite element model B
using the Rietveld fit incorporating the anisotropy factor, X Rietveld ISIS ]

g

parallel to the loading direction. In the elastic regifstress

<210 MPg, excellent agreement is achieved for all the re-
flections shown. However, deviation from the elastic re-
sponse occurs above 210 MPa, and is in opposite senses fc-
the 200 and 331 planes. It is to be expected that the Rietvelc ®

train [ 10°]

=
T

astic s

1

-500F

refinement should still give an average of the response of the ook Lineof
individual planes, but this fact also indicates the complexity s i measurementy
of the plastic anisotropy behavior. Interestingly, the 311 re- -1500f .
sponse predicted by the Rietveld now tracks exactly with the C 4 1
single peak measured value! This suggests that it is probably -2000'———f—————t

a good representation of the average response of the plane Radial position [mm]

It is also interesting to note that the 111 plaiese) shows
a considerable difference between the modified Rietveld ang!G: 8- The tangential elastic strain determined using Rietveld and single
Single peak in the plastc regime, suggestng tha the lastfce 22} 2145 o rebton difacioncta, comaredwih € e
anisotropy model is not capturing the behavior of the 111yosition of the measurement line.
plane very well in the plastic regime. This is because the 111
has actually remained approximately elastic, as stated before,
yet our model will still ascribe the largest shift to this peak Alamos Neutron Scattering CentdrANSCE), at the ISIS
relative to theeyoo peak(sinceA,,=1/3). facility (UK) and at the Chalk River Laborato(€anada At

The single peak strains shown in Fig. 3 were determinedhe three facilities, the gauge volume was similar in size with
by assuming that the lattice parameters obtained at zef$€ Significant dimension being typically 2 or 3 mm. The
stress were, for each plane, stress-free. However, the Riginal results and description of the ring have been
etveld results in Fig. (b) suggest that even in the macro- published® and only a brief description is included here. The
scopically unstressed state there are residual intergranuldf9 was made from fully austenitic stainless steel, with an
strains present, which are particularly clear in the transverséternal diameter76 mm, external diameterl27 mm, and
direction. In fact, these strains are small, particularly considthickness=13 mm. The mean grain size was 2%, and
ering the method by which they have been determined. I8h€ composition was nominally by volume Fe 64%, Cr 21%,
order to make comparisons however, the single peak straifdn 9%, Ni 6%. The material has an approximately random
at zero stress have been shifted to agree with the Rietvel@Xture. The ring was compressed by 3.4 mm along a diam-
predictions, for both axial and transverse data. The correla@ter, sufficient to induce plastic deformation, at which point
tion between Rietveld predictions and single peak values dhe load was removed, leaving a residual strain distribution.
higher stress levels is then excellent. In fact, the absolut&lere we report only the tangential strains, measured at the
strain values will still not be totally correct, since we have Position indicated in Fig. 8 insert. The deformation was mod-
now made the assumption that the 200 plane is strain-free &l€d by finite elementFE) analysis using two-dimensional,
zero stress, since it is the Rietveld determined lattice paranf€cond-order plane stress eleme(Rsevious work indicated
eter, whereas it is more likely from a stress balance argumerﬁhat little difference in the numerical results were obtained
that one of the intermediate planes will be strain-free, withby using a three dimensional mesf
the 200 plane thus in tension, and the 111 plane in compres-
sion. These anisotropy strains, presumably present due to tffe Macrostrain distribution predictors

deformation the specimen has undergone during processing, The deformation of the ring produces a predictable mac-
are in the opposite sense of those produced by the Poissegscopic strain distribution across the radius, as shown in
anisotropy strains due to the applied load, and thus the trangjg 8. The FE valuegaveraged over a sampling volume

verse direction shows zero anisotropy at an applied stress @hmparable with LANSCE and ISIS experimentsse the

~65 MPa. macroscopic stiffness, i.e., they do not account for individual
plane stiffness. Shown in Fig. 8 are; the LANSCE measured

VI. APPLICATION TO A COMPRESSED RING 311 single peak response, and the LANSCE and 8Ea
CONTAINING A RESIDUAL STRESS FIELD collected on ENGIN Rietveld (no y) strains determined
from the lattice parameters. Apart from the ISIS measure-
ment at 15 mm there is good agreement between the experi-

In the uniaxial load test described above, the appliednental data sets. In view of differences in the setup at LAN-
stress and macroscopic material response were known. HOWCE and ISIS, the agreement is as good as can be expected.
ever, to test the Rietveld refinement on a residual strain prob-  The disparity with the FE calculation may arise from the
lem and to investigate the possibility of predicting plasticoversimplified bilinear plastic hardening law used in the
strain using oury” formulation, we revisited data collected model. This resulted in too plastic a system, as indicated by
on a compressed ring, which has been examined at the Ldke final macroscopic displacemegafter unloading being

A. Ring description
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FIG. 9. Variation of anisotropy strain with radial position, showifiy FIG. 10. The predicted plastic strains from the Rietveld analysis, compared

anisotropy strain measured at LANSQP) the anisotropy strain calculated with those determined using the finite element model, as a function of dis-
from the elastic strain measuremen(3) the anisotropy strain determined tance from the inner radius.

from the ISIS measurement@l) the anisotropy strain determined from us-

ing only the five highestl spacing peaks of the LANSCE data.

and ring are not identical production route materials, and

2.8 mm in the model, compared to 2.6 mm experimentally,there are differences in the elastic strain distributieig. 8),

despite deformation to the sarfleaded strain. which we have suggested are, at least in part, due to the
simplicity of the model used in the FE. Thus it is possible to

o . . o use an estimate of”' to make quantitative predictions of the
C. Variation of 7y and plastic strain prediction plastic strain history, even in the absence of a rigorous de-

In Fig. 6b), the change in response gfat the onset of scription of the polycrystalline interactions.
plasticity raises the possibility of using it as an indicator of
plastic history. Accordingly, we repeated the Rietveld refine-
ments on the ring spectra collected at LANSCE and plotte
the anisotropy strain versus the radial position in Fig. 9. Us-  Often the principle aim of a neutron diffraction macros-
ing the elastic strains from a Rietveld refinemémdt includ-  train measurement is to give an engineer something useful,
ing 7) on the ring(Fig. 8, and the relationship betweeyf'  in terms of understanding areas of high internal stress or
and elastic strain determined in the tensile {€3y. 6b)], validation of a(usually) continuum mechanics model predic-
the elastic component of the anisotropy?} in the ring was  tion. It is frequently true that the macroscopic strain varia-
determined. This is indicated by the solid line in Fig. 9.tions are treated as the most important part of the answer
There is a clear discrepancy between this and the total megartly because they usually dominate the microstrain effects,
sured anisotropyy), shown by the broken line. and partly because the microstrain aspects cannot at this time

Also shown in Fig. 9 are comparable results obtained abe easily coupled to mechanical property predictions.
ISIS (circles. The similarity of the two sets of results is Whether or not this is true, we must somehow define a
reassuring and suggests that the observed anisotropy factorigoodness” for a method of strain calculation, whether it be
a true material characteristic, and not some function of theéhe choice of a specific hkl for a single peak fit or the validity
fitting, dependent on instrument properties. of a Rietveld refinement.

In the following discussion, we assume that the relation-  Typically numerical predictions, such as those using the
ship between strain and anisotropy is symmetric with respedinite element method, utilize continuum models of material
to tension and compression, for both elastic and plastibehavior. The input characteristics of the materials in the
strains. Accordingly, if we make the assumption that the dif-models are obtained from simple uniaxial loading or creep
ference between the measurgdind they® predicted from tests. In this context, one might advocate that the most suit-
the Rietveld elastic strain, as shown in Fig. 9, is due to plasable test of a diffraction determined strdimhich by defini-
ticity, and then use the/” as a function of macroscopic tion is the elastic component of the total stiai first how
plastic strain, which was obtained from the uniaxial tensiorittle deviation from the linear elastic response occurs in the
test[Fig. 6(b)], the macroscopic plastic strain in the ring canplastic regime, and second how well it compares with the
be predicted. Note that we are “calibrating” our plastic an- macroscopic elastic gradient, i.e., the Young’s modulus of
isotropy behavior using a tensile test on stainless steel of the sample. According to these criterion, the basic Rietveld
nonidentical, though fairly similar, grade to that used in therefinement(without vy) is highly effective. In fact, while the
compressed ring. These calculated plastic strains are comequirement of agreement with macrostiffness is not rigorous
pared with the FE predictions in Fig. 10. The error bars ardprovided the effective polycrystalline stiffness of an indi-
estimates obtained by examining the sensitivity of the anisotvidual plane is know) it is advantageous because the bulk
ropy factor to the number of peaks used in the refinementelastic response is, if not known, easier to determine than a
The agreement is good, especially since the tensile specimgaane specific elastic modulus.

Il. DISCUSSION
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behavior of the individual planes in the plastic regiffég.

7). This is unsurprising due to the simplicity of the approach.
Nevertheless it does improve the refinement and qualitatively
identifies the onset of plasticity.

10t 220 222‘: The use of the anisotropy factor allowed the identifica-
' ] tion of initial residual strains, i.e., the presence of intergranu-
O " T /--— ] lar strains even in the nominally unloaded material. These
Tapp 33 1Y are presumably present due to the rolling history of the

samples. With this assumption, good agreement is obtained
at higher applied loads, which, along with the improved Ri-
etveld fit obtained, suggests that these are real effects. This
information could not be easily obtained using the single
peak analysis where a nominally unstrained initial state must

AbkD) be assumed.

30 [T e This Rietveld implementation is not restricted to TOF
§§ E (b axial 2% Plastic g sources, since it requires only the monitoring of a represen-
w8 0F ] tative set of lattice planes. Of course, the Rietveld refinement
‘2% E 200 222 results will be a “compromise” fit which will depend on the
%’; 10 \ 31 E range of reflections in the fit, as well as the resolution behav-
Ei} of 400, J . ior of the instrument over these reflections. However, our
§ 2 - i work suggests that in this system, considering only the top 5
83 .10F 3 (largest lattice spacingpeaks captures most of the behavior
8 i ] of the anisotropy factoffig. 9. The top five peaks show the
ég 20 F negative 3 highest intensity, normalized with respect to the incident
b 2 [ transverse ] spectra, and therefore might be expected to have a larger
§°§ -30 Do b e Lo b effect on the overall response. This is compensated for in the
gﬁ 0050 005 0.1 OAl(zk]) 0.2 025 0.3 035 Rietveld fit however, through the use of a weighting function

which is inversely proportional to the variance of the count-
FIG. 11. (a) The percentage difference between single peak fit and Rietveltjng StatiStiCSl's’M For a Iarge number of counts, the variance
prediction of single peak response for an applied load of 150 Kpa  Will be approximately the number of counfsince the stan-
plastic straify;, (Single peak strain—Rietveld predicted single peak sttain dard deviationo=/N), i.e., the intensity. The effect of this
Rietveld predicted single peak strain. The axial response is shown With & qignting is therefore to normalize the least squares fit with
continuous line, the negative transverse with a broken(shewn negative ) , , . .
to highlight the similarities between transverse and axial respofiseThe ~ F€SPect to intensity, i.e., to “level” the contribution of the
percentage difference between single peak fit and Rietveld prediction opeaks. It should be noted that the lower order planes tend to
Sisf?g'elepez';kresst?;ﬂseé?;t\f‘;dapfgg?ct":;dsi?f i;"oe'\gf%;ﬂ%?;tt\ilcelz”airz show a higher degree of anisotropy, in terms of the magni-
Eiié?egd si%gle peak strain. The F;1xial responsge ispshown with a cc'?ntinuouLUde of shifts in strain. The removal of th_e higher order
line, the negative transverse with a broken lfebown negative to highlight Planes none the less seems to have a relatively small effect
the similarities between transverse and axial response on the observed anisotropy. In cases where a more complex
strain field exists, this may not be the case. On the other
hand, if the Rietveld model fits the observed behavior and
The difference between the Rietveld predicted singlecorrectly captures the physics, as it seems to in the elastic
peak straingi.e., obtained using the anisotropy fagtand regime at least, then it can be argued that it does not matter
the single peak strains can be seen more clearly in Fig. 1how many reflections are used in the fit, provided that a
The percentage differences for each of the first ten diffracminimum number is used which covers the whole range of
tion peaks are shown fga) 150 (elastic regimgand(b) 340  observed responses, and allows the required parameters to be
MPa (2% plastic straipapplied loads. In the elastic regime determined.
[Fig. 1X(a)], the percentage difference is small. In fact, the = One reason for pursuing the use of Rietveld refinements
absolute magnitudes of the differences are here of the ordeoncerns the increasing complexity of engineering materials.
of 50 ue or less, which is comparable to the measurementVith the increasing prevalence of lower symmetry crystal
uncertainty and explains why no clear trends can be seen. Istructures or microstructurally complex systems containing
the plastic regime howevdiFig. 11(b)], both compressive two or three phases, nonoverlapped lattice reflections are
and tensile differences are clearly seen, and the good fit dfard to find. In these situations, the use of a Rietveld refine-
the 311 plane is shown again. Interestingly, there is a strongient, even if it is only for a few reflections easily measured
qualitative inverse correlation between the transverse andt a reactor source, has clear advantages. While the current
axial responses. The mean absolute difference observed implementation ofy is only valid for a cubic material, there
Fig. 11(b) is of the order 25Que. is noa priori reason why it should not be possible to accom-
In our attempt to capture the strain anisotropies inherentnodate more complex crystal structures, although the func-
in this elastically (and plastically anisotropic material,y  tions describing the reciprocal of planar stiffness will be
does well in the elastic regime but fails to fully capture themore complicated and will therefore require more than one
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